Nitrosylation The Prototypic Redox-Based Signaling Mechanism by Stamler, Jonathan S. et al.
Cell, Vol. 106, 675–683, September 21, 2001, Copyright 2001 by Cell Press
Meeting ReviewNitrosylation: The Prototypic
Redox-Based Signaling Mechanism
Allostery in Redox Control
Allosteric proteins control and coordinate signaling
pathways in all living cells. Allosteric theory holds that
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modification—first formalized by Monod, Wyman, andSeattle, Washington 98195
Changeux—are better established for NO/O2. This he-
moglobin-based paradigm for protein regulation (J.S.S.,
Two signaling systems, based on the principle of post- Duke University, Durham, NC) has been expanded re-
translational modification of proteins, are conserved cently by the discovery of an enzymatic function for
throughout evolution and influence most aspects of cel- hemoglobin, operating within the confines of a mem-
lular physiology—one is phosphorylation and the other brane-localized signaling module by binding to its target
is redox based. Both exemplify dynamic regulation of protein and introducing NO groups (much as a kinase
protein function by reversible modification, and they introduces phosphates) (Pawloski et al., 2001). In this
govern many of the same signal transduction pathways case, a redox-based signal that is initiated through an
through overlapping sets of cellular targets. They are O2-induced allosteric transition in hemoglobin is propa-
also prone to malfunction in human disease. However, gated by S-nitrosylation of an anion exchanger to sub-
while many basic principles of signal transduction have serve intercellular communication.
emerged from studies of phosphorylation, the redox- Two key themes have emerged from these studies of
based mechanism has remained far more enigmatic. A hemoglobin: (1) the importance of allostery in posttrans-
major difficulty has been to comprehend how specificity lational modification of proteins by NO, and (2) the role
of action is achieved. Recent advances in understanding of O2/redox as an allosteric effector. The ryanodine re-
how nitric oxide (NO) regulates protein function are now ceptor/calcium release channel (RyR), which is con-
providing answers. At the recent Juan March Foundation trolled by O2-regulated and calcium-calmodulin (CaM)-
Workshop on “Regulation of Protein Function by Nitric linked S-nitrosylation, serves to further illustrate these
Oxide (Nitrosylation and Nitrosative Stress),” several general principles. Biochemical analyses have shown
core principles emerged. First, NO groups modify cyste- that O2 concentration dynamically controls the redox
ine thiols and transition metal centers of a broad func- state of 6–8 thiols per RyR subunit and thereby regulates
tional spectrum of proteins, and with remarkable spatial S-nitrosylation of a single channel thiol (Eu et al., 2000b).
and temporal resolution (for over 100 representative ex- These data can be interpreted (J.S.S. and G. Meissner,
amples, see Table S1 in Supplementary Material avail- University of North Carolina at Chapel Hill, NC), by anal-
able online at http://www.cell.com/cgi/content/full/106/ ogy to hemoglobin, in terms of an equilibrium between
6/675/DC1 ). Second, the majority of these proteins are two alternative structures that is governed by O2 tension.
regulated by S-nitrosylation of a single critical cysteine In this model, a redox-driven conformational change in
residue within an acid-base or hydrophobic structural the channel provides a hydrophobic compartment that
motif, which may also be subject to oxygen- or glutathi- concentrates NO and O2, thus generating nitrosylating
one-dependent modification. Thus, S-nitrosylation equivalents. The observation that S-nitrosylation acti-
emerges as a prototypic redox-based signal. Third, the vates the RyR only when it is complexed by CaM is
same NO-related posttranslational modifications that explained by the location of the critical cysteine within a
operate as specific signals in mammalian cells can be 1-5-10 CaM binding motif. It was proposed that calcium
used to fight invasion by microbes and cancer cells. binding to RyR-resident apo-calmodulin unmasks this
That is, nitrosylation can disrupt the function of critical critical thiol, allowing S-nitrosylation to produce a func-
proteins in pathologically proliferating cells in what is tion-regulating perturbation of the CaM/RyR complex.
referred to as nitrosative stress. This theme will be dealt It is important to emphasize both the precision with
with in greater detail in the latter part of this report, which NO acts on the skeletal muscle RyR and the intri-
which focuses on antimicrobial actions of NO and the cate nature of NO regulation. Nitric oxide S-nitrosylates
cellular defense mechanisms that protect specifically only 1 out of 50 free cysteines per RyR subunit, but
against NO-related species, as well as on the deleterious this is sufficient to alter the CaM/RyR interaction and
consequences of redox-based modification of proteins. sensitize the channel to both positive and negative regu-
lation by calcium (Sun et al., 2001). Furthermore, this
mechanism only operates at a restricted, physiological4 Correspondence: staml001@mc.duke.edu
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O2 concentration. Oxygen can therefore be viewed as tion at the level of cytochrome c oxidase (the state of
the art was discussed by Salvador Moncada, Universityproducing a preparatory redox-based modification of
the channel, which serves to facilitate S-nitrosylation. College, London, UK), a sarcoplasmic reticular NOS in-
volved in calcium homeostasis, and additional constitu-Such precisely regulated NO/O2-mediated posttransla-
tional modifications of proteins would have been difficult tive and inducible cytosolic isoforms of NOS whose ex-
act location and function is unknown. Grigori Enikolopovto envision even one year ago.
(Cold Spring Harbor Laboratory, Cold Spring Harbor,
NY) further described an important aspect of NO signal-Spatial and Temporal Aspects of NO Signaling
ing by multiple forms of NOS. In PC12 cells, the threeIn recent years, the notion that the transduction of sig-
major NOS isoforms are sequentially upregulated duringnals relies on the free diffusion of molecules within the
the switch from a proliferative to a differentiated pheno-cell has been replaced by an appreciation that signaling
type. Enikolopov has used a high-throughput genomictakes place within the confines of subcellular compart-
approach to search for NO-regulated genes involved inments that are critical for both specificity of targeting
cell proliferation and cell cycle control, and found many,and propagation of signals (Davare et al., 2001). That is,
including Rb and p53. Carl Nathan (Weill Medical Col-the enzymes that effect posttranslational modifications,
lege, Cornell University, Ithaca, NY) emphasized the po-the second messenger systems, and the effector mole-
tential of NO generated by even one enzyme to regulatecules that propagate the signals are discretely colocal-
many and disparate cellular responses. Based on differ-ized so that signals can be optimally generated, pro-
ential expression patterns in wild-type and iNOS knock-cessed, and channeled. Substrates are effectively
out macrophages, Nathan, Sabine Ehrt, and colleaguesdelivered to these multiprotein complexes by anchoring
concluded that iNOS comediates the regulation of hun-proteins, and so-called scaffolding proteins provide
dreds of genes by interferon- and Mycobacterium tu-structural integrity as well as influence the composition
berculosis. It is known that the effects of iNOS on bothof the complex. Progress in the area of calcium signaling
host and microbial cells are largely cGMP-independent,in particular has revealed that temporal as well as spatial
as are the effects of NO on skeletal muscle and theresolution is required for efficient signal transduction.
majority of targets identified by Enikolopov. It will there-One immediately appreciates the resulting conun-
fore be important to obtain a more complete picture ofdrum: while NO gained prominence as a diffusible sig-
the substrates and partners of the various NOSs andnaling molecule with a promiscuous sphere of influence,
of their exact location within mammalian cells, as wellthus creating a new paradigm in cellular communication,
as in microbes and multicellular pathogens that containthe field of signal transduction increasingly emphasized
a NOS.compartmentalization as a core determinant of specific-
It has been almost a decade since it was discoveredity. Further complicating matters, NO biologists focused
that the NMDA receptor (NMDAR) is regulated byalmost exclusively on a second messenger, cGMP (the
S-nitrosylation, thus demonstrating that NO signalingproduct of soluble guanylate cyclase), which mediates
can originate in or at the plasma membrane (Lipton etmost of its effects through a single protein kinase. Thus
al., 1993). These studies presaged the identification ofNO, a molecule identified with more important and dis-
a multiple-component signaling module that now pro-parate biological functions than any other, would rely on
vides the best illustration of the spatiotemporal aspectonly a single kinase effector, when the human genome is
of NO signaling (Figure 1). In this module, the neuronalpredicted to contain over a thousand kinases (Hunter,
isoform of NOS is brought into close proximity with the2000), each linked to a specific and limited set of re-
NMDAR by their mutual interactions with a scaffoldingsponses. The current picture of NO biology is, of course,
protein PSD95. This juxtaposition provides a localizedvery different: G kinase is only a small part of the story
Ca2 stimulus for NOS, and NO bioactivity feeds back(Jaffrey et al., 2001; Lane et al., 2001), and the presenta-
to control the activity of the channel. Downregulation oftion by Doris Koesling (Rurh-Universitat, Bochum, Ger-
the NMDAR is mediated by S-nitrosylation of criticalmany) emphasized that it is likely to be identified with
cysteines within the NR2a and NR1 regulatory subunitsa restricted and highly specific set of effects. Koesling
(Choi et al., 2000), which were recently found to be nitro-reported that one isoform of “soluble” guanylate cyclase
sylated constitutively in the brain (Jaffrey et al., 2001).is, in fact, membrane associated, through PDZ-domain
nNOS is also coupled via the anchoring protein CAPONinteractions with the scaffolding protein PSD95. This
to the small G protein Dexras, which it activates bylocalization serves to place the cyclase in the immediate
S-nitrosylation (Fang et al., 2000) in much the sameproximity of a neuronal isoform of nitric oxide synthase
way that anchoring proteins colocalize kinases and their(NOS), within the confines of a signaling complex. Immu-
substrates. p21 ras, which is regulated by S-nitrosyla-nohistochemical images of cGMP associated with the
tion independently of Dexras, is also found within thisplasma membrane (Kobzik et al., 1994) raise the further
NMDAR complex (Yun et al., 1998), and a membrane-possibility that the second messenger need not diffuse
bound guanylate cyclase (vida supra) that is recruitedfar to find a discrete and limited set of targets.
by PSD95 has recently been added to the mix. It remainsWe have learned that cells may contain multiple iso-
to be determined how NMDA-generated NO signals canforms and splice variants of NOS. Discrete localization
be alternatively processed through two different smallwithin subcellular compartments enables these en-
G proteins and guanylate cyclase.zymes to carry out different functions. For example, both
skeletal and cardiac muscle coexpress three different
isoforms of NOS in as many as four different locations: S-Nitrosylation Motifs
The discrete subcellular localization of NOSs within thea plasmalemmal enzyme that regulates force production
and blood flow, a mitochondrial NOS controlling respira- confines of protein modules is necessary but not suffi-
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Hill, NC) highlighted these principles in structural and
biochemical studies of ras protein. Remarkably, the
NMR structure and activity of S-nitrosylated p21 ras
differs only slightly from that of native protein. However,
stimulation of guanine nucleotide dissociation from p21
ras was evident in a system competent in S-nitrosylation/
denitrosylation reactions, suggesting that SNO turnover
may be required to propagate this NO-regulated signal.
A mechanism was provided in which S-nitrosylation in-
terferes with crucial stabilizing interactions between the
acidic aspartate (adjacent to the cysteine) and GDP, to
produce a guanine-exchange-factor-like effect. The only
other known structure of an S-nitrosylated protein is
that of hemoglobin, in which the acid-base motif func-
tions both to regulate the pK of the thiolate and to main-
tain the protein alternately in NO-responsive and -resis-
tant conformations. Presentations by S.L. and Alfred
Hausladen (Duke University, Durham, NC) emphasized
Figure 1. NO Signaling Module that the acid-base motif may apply for other reversible
redox-based modifications of cysteines that would reg-Specificity of action is achieved through spatial confinement of com-
ponents of the NO signaling complex (exemplified in the NMDA ulate protein function: -SNO, -SOH, -S-S and -S-glutathi-
receptor (NMDAR)/NO signaling module). This multiprotein complex one (Klatt and Lamas, 2000; Stamler and Hausladen,
couples NMDAR activity to two different small G proteins (p21 ras 1998) (Table S1, see URL above). Electrostatic interac-
and Dexras) and guanylate cyclase, to ensure efficient and specific
tions that stablilize OH and glutathione attachmentsNO signaling. The complex also contains an adaptor (CAPON) and
in proteins were invoked by Hauslasen and S.L., respec-a scaffolding protein (PSD 95). Some proteins within the complex
tively.may also be accessible to alternative sources of NO or related
molecules, and this can provide an additional level of regulation. It is somewhat suprising that analysis of primary
See text for details. amino acid sequence has proven to be predictive of
sites of S-nitrosylation in so many well-characterized
cases (e.g., NMDAR, ras protein, and hemoglobin), givencient to achieve signaling specificity. This can be under-
the statistical probability that proximal acids and bases
stood by appreciating that membrane signaling domains
would arise frequently in three-dimensional structure,
such as caveolae are estimated to contain as many as
but the list of examples continues to grow. Marie-Chris-
50–100 proteins (Hunter, 2000) and at least as many free
tine Broillet (Universite´ de Lausanne, Switzerland) re-
thiols, but most are probably not sites of S-nitrosylation.
ported that the acid-base motif correctly identified the
Moreover, both transmembrane signaling systems (e.g.,
single critical cysteine in the C-terminal cytoplasmic do-
receptor tyrosine kinases), and intracellular signaling main of the -subunit of the cyclic nucleotide-gated
pathways (e.g., MAP kinase and JAK/STAT) that transmit channel that confers NO responsiveness. Whereas the
signals from the plasma membrane to the nucleus, are channel contains 4 free thiols (2 of which are in the
regulated by NO at multiple loci that are not known to C-terminal domain), only the thiol conforming to the mo-
be closely associated with NOSs. Examples of recently tif is necessary and sufficient for NO regulation. This
identified targets in these categories that were covered analysis is a continuation of electrophysiological studies
at the symposium include EDGF receptor tyrosine ki- on a homo- form of the channel, which was found to
nase (Antonio Villalobo, University Autonoma de Madrid, be NO-regulated but not gated by cGMP (Broillet and Fire-
Spain), JNK kinase (principle work by Choi and col- stein, 1997). Broillet showed that the NO-regulated
leagues, Korea University, Seoul, South Korea), JAK ki- channel isoform colocalizes with nNOS in brain regions
nase (Tyk2, Christian Bogdan, Friedrich-Alexander Uni- that are not involved in olfaction, implying novel func-
versitat Erlangen, Germany), NF-B (J.S.S., Duke tions.
University, Durham, NC for his group and others), and There are now several examples where the acid-base
AP-1 (S.L., CSIC, Madrid, Spain). motif is revealed only in the tertiary or quaternary struc-
These kinases and transcription factors exemplify the ture of the protein. Jose Mato (Universidad de Navarra,
many classes of NO targets that do not contain transition Spain) showed that analysis of the crystal structure of
metals (with which NO can interact directly) and which methionine adenosyl transferase I/III, which contains 10
are not G kinase (cGMP)-regulated (see Table S1 in free cysteines including an active site thiol, was required
Supplementary Material available online at http://www. to pinpoint the critical cysteine target of S-nitrosylation.
cell.com/cgi/content/full/106/6/675/DC1). Rather, NO Site-directed mutagenesis of the juxtaposed acidic and
responsiveness is conferred by the presence of critical basic residues, which are cryptic with regard to the
cysteine residues that have signature features (Hess et primary sequence, abrogated NO responsiveness (Perez-
al., 2001; Stamler et al., 1997b). In one scenario, the Mato et al., 1999). Mato has made a convincing case
target cysteine is located between an acidic and a basic that methylation reactions, which underlie regenerative
amino acid, as revealed in either the primary or tertiary responses of the liver, are regulated by S-nitrosylation
structure. This motif supports general acid/base chem- of this rate-limiting enzyme. Steven Gross (Weill Medical
istry of S-nitrosylation/denitrosylation reactions and College, Cornell University, Ithaca, NY) demonstrated
may play additional roles that are specific to each case. that a single cysteine in arginosuccinate synthetase pro-
vides a locus for NO regulation of NO synthesis. BySharon Campbell (University of North Carolina at Chapel
Cell
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inhibiting this enzyme, NO prevents the recycling of ci- a means to overcome competition for NO by ambient
glutathione.trulline to arginine, which is the principle source of NOS
substrate in inflammatory settings. Gross suggested
that this critical cysteine has evolved specifically as an Regulation of S-Nitrosylation and Denitrosylation
NO sensor: it is conserved in all mammals, but absent It has been recognized that all mammalian cells contain
from microorganisms that do not possess a recogniz- low levels of nitrosylated proteins. Although constitutive
able NOS, and it is used to differentiate nitrosative from nitrosylation was initially presumed to directly reflect
oxidative signals. Specifically, both H2O2 and S-nitro- basal NOS activity, the regulation of steady-state levels
sothiols (SNOs) inhibit the enzyme, but the effect of of nitrosylated proteins is proving to be far more com-
H2O2 is retained after mutation of the critical cysteine, plex. An emerging theme is that levels of nitrosylation
whereas the SNO effect is lost. The requirements for are regulated not only by enzymes that add NO groups
such selectivity are known to be provided by an acid- but also by enzymatic (as well as redox-based or alloste-
base motif (Perez-Mato et al., 1999). An S-nitrosylation ric effector) mechanisms that remove them (Lai et al.,
motif was also identified within the recently solved three- 2001; Lane et al., 2001; Mannick et al., 1999), analogous
dimentional structure of aquaporin 1 (Hess et al., 2001), to regulation of phosphorylation by kinases and phos-
which Jean-Luc Balligand (Univesite´ Catholique de Lou- phatases. In human B and T cell lines, for example,
vain Medical School, Belgium) indicated is regulated background amounts of nitrosylation are largely unaf-
by NO and related molecules. The demonstration that fected by NOS inhibition. However, apoptotic stimuli
eNOS and aquaporin 1 are colocalized within caveolae such as Fas crosslinking result in denitrosylation of a
suggests that NO responsiveness may be the physiolog- subset of proteins. Joan Mannick (University of Massa-
ical correlate of the sensitivity to mercurials that has chusetts, Worcester, MA) showed that one of these is
long characterized this water channel. Finally, the struc- the mitochondrial caspase-3. In this case, denitrosyla-
tural and redox requirements of SNO-forming reaction tion is required to activate the enzyme, which is then
channels within proteins were highlighted by David released from mitochondria to initiate apoptosis. In con-
Singel (Montana State University, Bozeman, MT), who trast, it was found that cytochrome c is nitrosylated prior
demonstrated that NO groups can transfer directly from to its release from mitochondria. Nitrosylated cyto-
oxidized transition metals to nearby cysteines within chrome c increases caspase activation (in the presence
proteins. These studies were done with hemoglobin, but of Apaf1) relative to native protein. Thus, an apoptotic
it is apparent that tunneling of NO through and between stimulus produces coordinated nitrosylation and deni-
proteins may be a common phenomenon. trosylation events, which operate in concert to activate
The acid-base motif is likely to operate preferentially the apoptotic pathway.
in hydrophilic milieux, and alternative mechanisms are The mechanism of denitrosylation in these studies is
needed to explain the specific modification by NO of not known. However, recent work supports the proposal
certain cysteines found in hydrophobic environments that specific enzymes can govern levels of nitrosylation.
(Hess et al., 2001). Indeed, it was initially recognized It has been demonstrated that yeast and mice deficient
that the reactive cysteine forming the site of NO binding in alcohol dehydrogenase III show impaired metabolism
in oxygenated hemoglobin is located within a hydropho- of S-nitrosoglutathione and accumulate S-nitrosylated
bic pocket, and that S-nitrosylation by free NO is criti- proteins (Liu et al., 2001). Mutant cells are thus sensi-
cally dependent on this protein configuration (Gow and tized to nitrosative stress. Mato showed that intracellular
Stamler, 1998; Stamler et al., 1997a). It has also been glutathione can also facilitate denitrosylation reactions,
reported that the cysteines involved in regulating the emphasizing the role of cellular redox state in control
turnover of palmitate on the neuronal proteins GAP43 of redox-based protein modifications. But it is important
and SNAP25 reside within a hydrophobic membrane to appreciate that many NO groups in proteins are not
binding region (Hess et al., 1993). Most recently it was accessible to glutathione and are not influenced by re-
found that the single cysteine conferring NO respon- dox changes at the cellular level, consistent with involve-
siveness in the skeletal RyR resides within a 1,5,10 CaM ment of specific “redox enzymes.” It has been sug-
binding region in a pocket of high relative hydrophobicity gested, for example, that the thioredoxin system might
(see above). Robin Rosenfeld (of the Getzoff Laboratory, play a role in SNO homeostasis. It is therefore of interest
Scripps Research Institute, La Jolla, CA) reported that that Stefanie Dimmeler (Universitat Frankfurt, Germany)
a cysteine in NOS, which is particularly susceptible to has found that endothelial thioredoxin is regulated by
S-nitrosylation, is found in a hydrophobic domain, rais- S-nitrosylation. She also found that atherogenic stimuli
ing the possibility that the site may serve in allosteric are associated with denitrosylation events, such as
regulation of NO synthesis or in the egress of NO bioac- those preceding apoptosis. Most recently, peroxidases
tivity. Nedospasov et al. (2000) have shown that such have been identified with NO-consuming activities (Abu-
hydrophobic compartments enable S-nitrosylation by Soud and Hazen, 2000) reminiscent of those exhibited
concentrating the NO and O2 reactants that generate by hemoglobins from bacteria (Hausladen et al., 2001;
nitrosylating equivalents. Thus, cysteine-containing hy- Poole and Hughes, 2000) and helminths (Minning et al.,
drophobic compartments in proteins, exemplified by the 1999), which regulate levels of nitrosylation in situ (Liu
1,5,10 CaM binding region within RyR, define a hy- et al., 2000). But whereas these forms of hemoglobin
drophobic motif for S-nitrosylation (Hess et al., 2001). are not found in mammals, peroxidases are widely dis-
It is anticipated that such hydrophobic motifs will be tributed in nature. More generally, F.F. (University of
found frequently within intramembrane segments of pro- Washington, Seattle, WA) emphasized that redox signal-
ing by protein nitrosylation/denitrosylation and the re-teins, and may be used in certain cytosolic proteins as
Meeting Review
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sponse to nitrosative stress have a common mechanis- microbial effects are incompletely characterized, NO is
likely to exert antimicrobial actions by modifying thioltic basis in microbes, invertebrates, and mammals, and
and metal centers involved in critical catalytic and regu-this core principle threaded through all the presenta-
latory functions (see Table S1 in Supplementary Mate-tions.
rial). Charles Lowenstein (Johns Hopkins University, Bal-It has been suggested that redox-based signals were
timore, MD) described the susceptibility of the cysteineemployed in the earliest life forms, and it seems likely
protease 3C of Coxsackievirus to S-nitrosylation (Saurathat NO (which accumulated in earth’s atmosphere be-
et al., 1999), which prevents subsequent processing offore oxygen) contributed significantly to the molecular
polyproteins essential for viral replication. Similarly,evolution of what is effectively a redox-based mecha-
S-nitrosylation of a catalytic cysteine residue has beennism for control of protein function. The evidence now
shown to inhibit proteases of the parasitic pathogenssuggests that this system has been conserved through-
Leishmania infantum (Salvati et al., 2001), Plasmodiumout phylogeny, and is governed by many of the same
falciparum (Venturini et al., 2000a), and Trypanosomacore regulatory principles that are associated with phos-
cruzi (Venturini et al., 2000b), as well as Human Immuno-phorylation, including precisely controlled mechanisms
deficiency Virus-1 (S-nitrosylation of Cys-67 and Cys-95)for addition and removal of NO functional groups and
(Persichini et al., 1998), suggesting that inactivationspatiotemporal methods for achieving specificity of tar-
of cysteine proteases is a general mechanism ofgeting. Moreover, the NO system has an added dimen-
NO-related antimicrobial activity. Reactivation of Ep-sion in that it is also employed for intercellular communi-
stein-Barr virus can be inhibited by endogenous NOcation and host defense, including direct antimicrobial
production that downregulates expression of the imme-effects that are mediated by nitrosative stress.
diate-early transactivator protein Zta (Mannick et al.,
1994). In this instance, the precise mechanism of regula-Antimicrobial Actions of NO
tion by NO is not known, but the redox sensitivity of thisAbundant evidence indicates that NO biosynthesis plays
signaling pathway and the participation of NFB, whichan important role in host defense against microbial
is regulated by S-nitrosylation (Table S1 in Supplemen-pathogens (DeGroote and Fang, 1999). Initial reservation
tary Material), suggests that thiol modifications may beover whether NO was important in human immunity was
involved. Another transcriptional regulator, the yeastbased on the observation that human phagocytes cul-
LAC9 protein, is inactivated by NO with concomitanttured from the blood of healthy donors produced little
release of Zn2 (Kroncke et al., 1994), presumably re-NO in vitro, and the misconception that antimicrobial
sulting from S-nitrosylation of Cys residues in the zinc-activity was directly related to amounts of NO generated.
finger-like DNA binding domain.However, the emerging picture is one that emphasizes
A variety of bacterial proteins are also targets of nitro-compartmentalization of NO bioactivity within cells (and
sylation. The photoreactive nitrile hydratase of Rhodo-infected areas) rather than amounts produced. Further,
coccus sp. can be reversibly inactivated by nitrosylationhuman mononuclear phagocytes clearly express induc-
of a nonheme iron center (Nojiri et al., 1999). High fluxesible NOS mRNA and protein, produce NO, and exert
of NO can inhibit bacterial respiration (Pacelli et al.,numerous NO-related actions during inflammatory
1995), suggesting parallels with inhibition of mitochon-states (Weinberg, 1998). More generally, increased NO
drial respiration in mammalian cells by a mechanismproduction is observed during infections in humans and
demonstrated by Moncada and colleagues to involveexperimental animals, and enhanced iNOS expression
nitrosylation of both transition metal (complex IV) andcan be demonstrated in multiple cell types at sites of
thiol (complex I). In Bacillus cereus, nitrosylation of sur-
infection. Moreover, blockade of NO production results
face thiols has been implicated in the inhibition of spore
in increased microbial proliferation within infected
outgrowth (Morris et al., 1984). However, inhibition of
phagocytes and host tissues. NO (and related mole- Salmonella typhimurium by S-nitrosothiols appears to
cules) exhibit potent antimicrobial activity in vitro for an require uptake by a specific transport system and nitro-
extraordinarily diverse range of viruses, bacteria, fungi, sylation of an intracellular target (DeGroote et al., 1995).
and parasites. The presence of scavenging substances Benjamin Gaston (University of Virginia, Charlottesville,
in extracellular fluids and intracellular domains may con- VA) reported that the same transport system may be
tribute to the compartmentalization of NO-related anti- involved in the ability of GSNO to regulate respiration
microbial actions, making NO production especially crit- in the nucleus tractus solitarius of the mammalian brain-
ical for the control of intracellular pathogens such as stem and perhaps to modulate expression of the CFTR
Mycobacterium tuberculosis, Leishmania sp., and Sal- protein in epithelial cells (Zaman et al., 2001). But
monella enterica (MacMicking et al., 1997; Mastroeni et whereas GSNO is a physiological effector in the human
al., 2000; Stenger et al., 1996). respiratory system, in Salmonella it mediates reversible
cytostasis associated with cell filamentation (DeGroote
Nitrosative Stress: Nitrosylation of Microbial Proteins et al., 1995) and induction of the SOS response (Loby-
In contrast to the earlier assumption that qualitative dif- sheva et al., 1999), suggesting that DNA replication is
ferences in the modes of action of NO would be entailed impaired. F.F. suggested that S-nitrosylation of critical
by and required for host defense, a major theme of the cysteine residues in primosomal proteins (Pan and Wig-
symposium was that there are no fundamental molecular ley, 2000; Zavitz and Marians, 1993) could conceivably
differences between the reversible modifications of thi- account for these effects, although he acknowledged
ols and transition metal centers that underlie NO-depen- that a cysteine-containing metalloprotein, ribonucleo-
dent physiological signaling and antimicrobial action. tide reductase (Lepoivre et al., 1991), might also be a
target contributing to impairment of DNA synthesis.Although microbial targets of NO responsible for anti-
Cell
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It is noteworthy that this emerging picture of NO action less antiparasitic activity than NO. Mycobacterium tu-
berculosis has also been reported to be peroxynitritein microbes is in many ways similar to apoptotic models
of nitrosative stress (described at the meeting by Bern- resistant (Yu et al., 1999). Perhaps peroxynitrite will
eventually be seen to play an important role in the killinghard Bru¨ne [Universitat Erlangen-Nu¨rnberg, Erlangen,
Germany]), which are believed to simulate various hu- of pathogens such as Candida albicans (Vazquez-Torres
et al., 1996) or Mycoplasma pulmonis (Hickman-Davisman diseases. That is, nitrosative stress in microbes
and mammals may share overlapping mechanisms and et al., 1999), in which both reactive nitrogen and oxygen
species have been implicated.sets of cellular targets. In support of this notion, it has
been found that both macrophage cells undergoing NO- Many of the same questions remain unresolved in
mammalian systems. In particular, it is has been difficultmediated apoptosis and NO-inhibited yeast cells accu-
mulate nitrosylated proteins (Eu et al., 2000a; Liu et al., to identify particular NO-related molecules with specific
NO-related responses or pathophysiological processes,2001).
and genetic criteria have only been fulfilled for S-nitro-
sothiols (DeGroote et al., 1996; Liu et al., 2001). OxidativeNO Interactions with Reactive Oxygen Species
and nitrosative footprints such as nitrotyrosine, oxidizedNitrosylation and, more generally, nitrosative chemistry,
methionine, cysteine sulfoxides, and protein carbonylscan lead to secondary oxidative modifications (Stamler
are not specific to any unique oxidizing or nitrosatingand Hausladen, 1998), and very high levels of reactive
agent. In addition, these individual modifications arenitrogen species in combination with reactive oxygen
often found to affect insignificant amounts of protein,species can produce synergistic cytotoxic effects (e.g.,
suggesting that they collectively reflect increases in oxi-through the formation of peroxynitrite) by irreversibly
dative stress rather than specific mechanisms of injury.oxidizing and nitrating proteins (e.g., at methionine, cys-
Furthermore, cellular responses or protein modificationsteine, tryptophan, and tyrosine) as well as other cellular
observed during coproduction of reactive oxygen andconstituents. NO may also promote the cytotoxicity of
nitrogen species, either endogenous or experimentallymolecular oxygen and reactive oxygen species by mobi-
generated, do not reveal either active molecular specieslization of free iron (Pacelli et al., 1995), and might be
or their mechanism of action, and synergistic effectsexpected to increase production of other oxidants, radi-
are no more informative.cals, and reactive aldehydes. However, the importance
of these interactions and secondary effects—mediated
by oxidative, radical chain, and additive chemistries—in Microbial Defenses Against NO
Microbes have multiple means to combat the cytotoxichost defense is presently unclear. For example, nitroty-
rosine colocalization with ingested Staphylococcus effects of NO, involving the expression of stress regu-
lons, scavengers, detoxifying enzymes, repair systems,aureus has been cited as evidence of NO interacting
with reactive oxygen species in neutrophils, yet failure of iron sequestration mechanisms, and avoidance strate-
gies. Regulatory proteins including OxyR, SoxR, and Fura NOS inhibitor to reduce bacterial killing in this system
suggests that such interaction is not essential for antimi- coordinately control a number of antinitrosative de-
fenses. OxyR and SoxR responses are triggered by re-crobial activity (Evans et al., 1996). Similarly, peroxyni-
trite is not an essential antimicrobial mediator in the versible nitrosylation events at cysteine and transition
metal centers, respectively. Hausladen emphasized thatmurine salmonellosis model (Mastroeni et al., 2000; Vaz-
quez-Torres et al., 2000), even though it appears to be OxyR is activated when the Cys-199 residue is modified
by either oxidative (Zheng et al., 1998) or nitrosativeformed from the products of the NADPH phagocyte oxi-
dase and iNOS in activated macrophages (Vazquez-Tor- (Hausladen et al., 1996) stress, triggering a conforma-
tional change in the protein (Choi et al., 2001). SoxR canres et al., 2000), and exerts bactericidal activity in vitro
(DeGroote et al., 1995). F.F. emphasized that in both also respond to both oxidative and nitrosative stress
(Nunoshiba et al., 1993). In the latter circumstance,activated phagocytic cells and intact mice, reactive oxy-
gen and nitrogen species can be seen to play temporally Bruce Demple (Harvard School of Public Health, Boston,
MA) and his associates have suggested that SoxR acti-sequential and largely independent roles, with NO/SNO
acting as a bacteriostatic mediator to limit Salmonella vation occurs when NO interacts with the [2Fe-2S] cen-
ters to form bound dinitrosyl-iron adducts (Ding andreplication after an initial rapid reduction in bacterial
burden is achieved by bactericidal reactive oxygen spe- Demple, 2000). Derepression of Fur-regulated genes by
NO is less well characterized at a molecular level (Craw-cies. One verified mechanism to explain the lack of syn-
ergy between the NADPH phagocyte oxidase and iNOS ford and Goldberg, 1998), and may involve either modifi-
cation of a zinc binding domain or competition betweenis the abundance of superoxide dismutase in the Salmo-
nella periplasm and cytosol (Fang et al., 1999), which Fur and NO for ferrous iron. Thus, the intimate relation-
ship between iron and NO in bacterial regulatory re-limits the availability of superoxide to react with exoge-
nous NO in situ (DeGroote et al., 1997). Another mecha- sponses parallels relationships in human cells, as de-
tailed for aconitase/iron regulatory protein by Matthiasnism is the discrete compartmentalization of the en-
zymes producing NO and O2, as discussed above. In Hentze (EMBL, Germany) and Jean-Claude Drapier
(CNRS, France). In addition, low molecular weight thiolsaddition, some microbes appear to be relatively resis-
tant to the effects of peroxynitrite. The addition of super- such as glutathione (DeGroote et al., 1996; Hausladen
et al., 1996) and homocysteine (DeGroote et al., 1996),oxide dismutase actually enhances the antileishmanial
efficacy of SIN-1 (Assreuy et al., 1994), a compound that which detoxify nitrogen oxides (Singh et al., 1996), func-
tion in both bacteria and humans.generates both NO and superoxide (which combine to
form peroxynitrite), suggesting that peroxynitrite has Enzymes capable of directly reducing the toxicity of
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nitrogen oxides have now been extensively character- flux of NO generated within infected granulomas seems
to be essential to provide sustained inhibition of myco-ized. Hausladen described metabolism of NO and GSNO
respectively, by the Hmp flavohemoprotein denitrosy- bacterial replication.
lase (Hausladen et al., 2001; Poole and Hughes, 2000)
and GSNO reductase (Liu et al., 2001), while Nathan Common Themes in Microbes and Man
reported recent studies of AhpC hydroperoxidase/per- At a molecular level, there do not appear to be funda-
oxyredoxin (Bryk et al., 2000) and the MsrA methionine mental differences between the reversible modifications
sulfoxide reductase (St. John et al., 2001), which exhibit of thiols and metal centers that underlie physiological
protective effects against both oxidants and nitrosants. signaling and antimicrobial actions of NO. Just as spe-
Nathan suggested that AhpC and MsrA might protect cific phosphorylation-based signaling cascades can ar-
bacteria from cytotoxic molecules generated in reac- rest bacterial growth (Lee et al., 2001), precisely regu-
tions between endogenous reactive oxygen species lated nitrosylation events can be exploited by the host
(products of aerobic metabolism) and host-derived NO. to inhibit the replication of a diverse range of microbial
Similarly, antioxidant enzymes such as catalase and su- species. The reversible, regulated, and spatially con-
peroxide dismutase may indirectly reduce NO-related fined mechanisms responsible for NO-related antimicro-
cytotoxicity by limiting the availability of reactive oxygen bial activity contrast with the frequently irreversible
species to participate in synergistic interactions (De- modifications induced by oxidative stress, shedding
Groote et al., 1997). When nitrosative stress results in new light on the roles of reactive oxygen and nitrogen
cell damage, repair systems including the RecBC species in innate immunity. Reactive oxygen species
nuclease (DeGroote et al., 1995; Shiloh et al., 1999) can possess potent antimicrobial activity but can also injure
play an important role in facilitating recovery. Since iron surrounding host tissues. The “kinder, gentler” signaling
can potentiate the cytotoxicity of both reactive nitrogen actions of NO permit sustained inhibition of microbial
and oxygen species (by multiple means) (Stupakova et replication with minimal collateral damage. These new
al., 2000), iron sequestration mechanisms may be con- principles may also apply to other situations character-
sidered to be a form of antinitrosative defense. Finally, ized by alterations in cellular proliferative responses in-
microbes can attempt to avoid host-derived NO alto- volving NO, including cancer, atherosclerosis, resteno-
gether by resisting phagocytosis as in the case of Yer- sis, pulmonary arteriopathy, cardiac hypertrophy, pyloric
sinia (Rosqvist et al., 1988), or by taking refuge in cells stenosis, angiogenesis, and aging. Further, the mecha-
not expressing iNOS, as in the case of Leishmania (Bog- nisms contrived by microbes to combat reactive nitro-
dan et al., 2000). gen species may reveal some of the means by which
mammalian cells regulate NO bioactivity to achieve
Potential Role of NO in Maintenance specificity of action in physiological signaling.
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